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RESOURCE ALLOCATION USING RELATIONAL 
FUZZY MODELING 

FIELD OF THE INVENTION 

[0001] The invention relates generally to the allocation of 
computer resources, and more speci?cally relates to a sys 
tem and method of using relational fuZZy modeling to 
perform resource allocation in a distributed computational 
environment. 

BACKGROUND OF THE INVENTION 

[0002] With the advent of netWorks such as the Internet, 
distributed computing has become an increasingly popular 
computing approach as it alloWs for the sharing of compu 
tational resources (e.g., memory, processing time, input/ 
output, etc.) among many different users or systems. One 
such example is “grid computing” (or the use of a compu 
tational grid), Which involves applying the resources of 
many computers in a netWork to a single problem at the 
same timeiusually to a scienti?c or technical problem that 
requires a great number of computer processing cycles or 
access to large amounts of data. In other cases, resources are 
shared to perform relatively disparate functions. For 
instance, because of the different time Zones involved, 
remotely located divisions of a corporation might share a 
high end server capable of performing complex computa 
tions. Regardless of the environment, the demand for the 
available resources in the distributed environment must be 
carefully allocated. 

[0003] Moreover, With the advent of neW distributed com 
puting technologies, such as IBM’s POWERSTM processor, 
“simultaneous multithreading” is provided in Which mul 
tiple threads of execution can execute on the same processor 
at the same time. Using this particular processor, the oper 
ating system’s task dispatcher “sees” four available proces 
sors onto Which a task may be dispatched, namely, tWo 
physical processors, then because of the multithreading 
capabilities, tWo logical processors per physical processor. 
Given these capabilities, there again exists a need for a 
robust solution that is capable of optimally allocated 
resources in a dynamic fashion. 

[0004] Existing solutions for allocating resources in a 
distributed computing environment involve: (1) domain 
knoWledge/ exert based systems; (2) statistics based systems; 
and (3) machine learning models, such as neural netWorks. 
Unfortunately, each of these approaches has drawbacks. For 
instance, domain knoWledge based or expert systems based 
tools and methodologies are only as good as the experts 
themselves. That introduces an element of subjectivity and 
non-standardization. This can result in variances in perfor 
mance and a lack of rigor that can lead to sub-optimality of 
the resource allocation. 

[0005] Statistics based systems begin With a statistics 
model, e.g., regression analysis using linear equation, or a 
cubic spline. Again, this has some inherent assumptions 
about the data dynamics, Which is driven by the expertise of 
the end user rather than the proactive data exploration. This 
may lead to sub-optimal system con?guration and parameter 
settings hampering the performance of the resultant con 
?guration. 
[0006] Machine learning model based approaches, such as 
neural netWorks, are uselful tools that can deal With a lot of 
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data at the same time, are scalable and fast leamers. HoW 
ever, the interpretation of the neural netWorks is not so easy 
for a user, and hence this method is not suitable for veri? 
cation of “rules” from a validation standpoint. 

[0007] There are other methods such as fuZZy rule-based 
modeling, Which come close to exploiting non-linearity in 
the system, hoWever the rule base is a fuZZy logic based 
representation of expert knoWledge that renders itself vul 
nerable to the same type of issues and draWbacks such as 
those described above. 

[0008] Accordingly, a need exists for a robust solution for 
allocating resources in a distributed computing environment 
that is not subject to the limitations described above. 

SUMMARY OF THE INVENTION 

[0009] The present invention addresses the above-men 
tioned problems, as Well as others, by providing a resource 
allocation system and method that uses relational fuZZy 
modeling to predict resource requirements based on histori 
cal resource and system usage data. 

[0010] In a ?rst aspect, the invention provides a system for 
allocating computing resources among a plurality of units, 
comprising: a relational fuZZy modeling system for provid 
ing a relational fuZZy model based on historical resource 
parameter data and historical system parameter data, and for 
predicting and allocating resource requirements for each unit 
based on the relational fuZZy model; a normalization system 
for ensuring that a sum of the predicted resource require 
ments is no more than a total available amount of actual 
resources available on the plurality of units; and an extra 
resource allocation system for allocating extra resources 
When the sum of the predicted resource requirements is less 
than the total available amount of resources available on the 
plurality of units. 

[0011] In a second aspect, the invention provides a com 
puter program product stored on a computer usable medium 
for allocating computing resources among a plurality of 
units, comprising: program code con?gured for providing a 
relational fuZZy model based on historical usage data col 
lected from the units; program code con?gured for predict 
ing and allocating resource requirements for each unit based 
on the relational fuZZy model; program code con?gured for 
ensuring that a sum of the predicted resource requirements 
is no more than a total available amount of actual resources 

available on the plurality of units; and program code con 
?gured for allocating extra resources When the sum of the 
predicted resource requirements is less than the total avail 
able amount of resources available on the plurality of units. 

[0012] In a third aspect, the invention provides a method 
of allocating computing resources among a plurality of 
units, comprising: generating a relational fuZZy model based 
on historical usage data collected from each of the units; 
predicting and allocating resource requirements for each unit 
based on the relational fuZZy model; ensuring that a sum of 
the predicted resource requirements is no more than a total 
available amount of actual resources available on the plu 
rality of units; and allocating extra resources When the sum 
of the predicted resource requirements is less than the total 
available amount of resources available on the plurality of 
units. 

[0013] In a fourth aspect, the invention provides a method 
for deploying an application for allocating resources to a set 
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of units in a distributed network, comprising: providing a 
computer infrastructure being operable to: generate a rela 
tional fuZZy model based on historical resource parameter 
data and historical system parameter data collected from 
each of the units; and predict and allocate resource require 
ments for each unit based on the relational fuZZy model. 

[0014] In a ?fth aspect, the invention provides computer 
software embodied in a propagated signal for implementing 
a resource allocation system, the computer software com 
prising instructions to cause a computer to perform the 
following functions: generate a relational fuZZy model based 
on historical resource parameter data and historical system 
parameter data collected from each of the units; and predict 
and allocate resource requirements for each unit based on 
the relational fuZZy model. 

[0015] Advantages of this invention include the fact that 
relational fuZZy modeling is easy to interpret and hence 
validation is easier (unlike neural networks) and relational 
fuZZy modeling is data driven and is not subjective (unlike 
expert systems or domain knowledge based systems). More 
over, since it is data driven, relational fuZZy modeling is 
scalable (unlike expert systems) and by the very nature of 
the algorithm disclosed herein, relational fuZZy modeling is 
noise resistant (unlike some statistical methods). Further 
more, due to its data driven nature, relational fuZZy model 
ing does not assume any preconceived model for the fore 
casting, nor does it expect input in terms of data regression 
(unlike most statistical models). Moreover, the disclosed use 
of weighting factors and con?dence values associated with 
the fuZZy predictions, impart more robustness and objectiv 
ity while not compromising ?exibility in the utiliZation of 
resources. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] These and other features of this invention will be 
more readily understood from the following detailed 
description of the various aspects of the invention taken in 
conjunction with the accompanying drawings in which: 

[0017] FIG. 1 depicts a resource allocation system in 
accordance with the present invention. 

[0018] FIG. 2 depicts a method of implementing a 
resource allocation process in accordance with the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0019] Referring now to drawings, FIG. 1 depicts a 
resource allocation system 10 that manages the allocation of 
resources among a set of units 20 (e.g., U1, U2, U3) 
contained within a distributed network 26. Units 20 may 
comprise any type of computing system that includes and/or 
utiliZes resources (e.g., nodes on a grid, logical partitions, 
servers, personal computers, etc.) Note that for the purposes 
of this disclosure, the term “distributed network” is not 
intended to be limiting in any manner, and may range from, 
e.g., a set of resources scattered about a network, to a set of 
resources contained within a single piece of hardware. 

[0020] Resources, which may include any type of com 
puteriZed asset, e.g., CPU time, memory, I/O, printing, etc., 
are identi?ed with an associated resource parameter (RP). 
Thus, the term resource and RP may be utiliZed interchange 
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ably. In addition, each unit 20 may include a set of system 
parameters (SPs) that provides various quanti?ed values 
about each unit 20, such as, but not limited to, descriptors of 
network speeds, applications running on a unit, quanti?ed 
mappings of applications and resources, etc., and any com 
binations thereof. Obviously, the number, type and scale of 
units 20, RPs, and SPs in the distributed network 26 may 
vary without departing from the scope of the invention. 

[0021] Usage history of the RPs and SPs associated with 
each unit 20 is collected and stored in a historical database 
22, which is then used by resource allocation system 10 to 
predict how to allocate all of the available resources in the 
most optimal manner. The core technology used by the 
resource allocation system 10 is a relational fuZZy modeling 
system 11. Relational fuZZy modeling system 11 includes a 
relational fuZZy model 12 that is built off of the usage history 
of the RPs and SPs in the historical database 22. Accord 
ingly, as times goes on, and more and more data is collected, 
relational fuZZy model 12 becomes more and more robust. 

[0022] FuZZy relational systems differ from other fuZZy 
techniques in that a fuZZy relational model has no explicit set 
of rules. Instead, a relational array is used that maps every 
possible logical AND combination of the input reference 
sets to every output set. For example, consider a system with 
two inputs RPl, SP1 and a single output: 

Output=f(RPl, SP1) 

[0023] If two reference sets, e.g., Low and High, are 
de?ned for each input variable, then there are four combi 
nations of input reference sets, and each of these have to be 
mapped onto each of the similar two output reference sets. 
Thus, an illustrative relational array will consist of eight 
elements, such as: 

Output set 1 Output set 2 

RPl(set a) 0.2 0.5 
RPl(set b) 0.8 0 
SPl(set a) 0.2 0.1 
SPl(set b) 0.7 0.5 

[0024] The content of each element in the relational array 
is a number between Zero and one, which indicates a 
“con?dence value,” i.e., how strong the particular relation 
ship linked to that element is. A value of Zero indicates that 
the relationship does not apply, but values greater than Zero 
indicate an increasing strength in the relationship as they 
approach one. Since every possible relationship between the 
inputs and outputs is included in the relational array, the 
values of the relational array elements are what determine 
how the relational model behaves. 

[0025] There are several ways of obtaining values for the 
relational array elements. One is simply to encode a rule 
base into a relational format; in the simplest case this means 
that the array will hold values only of Zero and one, since a 
rule either exists or it does not. Complications can arise with 
this approach, however, since rule antecedents are usually 
formulated with more ?exibility than the relational model 
structure allows for. 

[0026] Identi?cation of the relational array directly from 
the RP and SP usage data in the historical database 22 is thus 
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preferred, and this is the primary advantage that relational 
modeling has over its rule-based counterpart. There have 
been several identi?cation algorithms proposed, but one of 
the best for noisy systems is that of Ridley, J. N., ShaW, I. 
S., and Kruger, J. 1., “Probabilistic fuZZy model for dynamic 
systems,” Electronic Letters, 24, (1988), pp 890-892, here 
inafter “RSK.” The RSK algorithm for this identi?cation 
technique is: 

2H £451, ,5”, k}Y(s)/<} 
R(sl, , sn, 5) : —2k:l fisl, , Sn, k} 

Where, 

R(s1, . . . , sn, s)=An entry in the relational array 

sn=The reference set index for the nth input 

s=The reference set index for the output 

N=Total number of samples of input-output data 

fs1, . . . ,sn,=The product of the input possibilities in 
reference sets 

Yk=Possibility vector for the output (at sample k) 

[0027] One key to the strength of this algorithm in dealing 
With noisy I/O data is the “f-factor,” Which gives a measure 
of the frequency of occurrence of each combination of 
inputs. The contribution of any particular sample of I/O data 
is thus Weighted according to hoW frequently, and hoW 
strongly, that particular input combination is seen in the data. 
So, single examples of bad data are unlikely to have a 
signi?cant effect on the values stored in the relational array. 

[0028] Once the relational fuZZy model 12 is built, rela 
tional fuZZy model prediction system 14 can be utiliZed to 
predict RP values for each unit 20 at a given time t. For 
instance, relational fuZZy model prediction system 14 may 
determined that for a memory resource RPm at time t, unit 
U1 requires X amount of memory, unit U2 requires Y 
amount of memory, and unit U3 requires Z amount of 
memory. In other Words, at time t, predicted RPm(U1)=X; 
predicted RPm(U2)=Y; and predicted RPm(U3)=Z. 

[0029] In general, a relational fuZZy model for predicting 
any Ui and its RPJ- at time t+1 is given by the formula: 

Where 

®=FuZZy operator (e.g., min-max; max-max etc.) 

'cIp=Time lag element for RP and 

ISp=Time lag element for SP 

[0030] Note that the time lag elements determine hoW far 
one needs to go back in the past records for that parameter 
to make accurate predictions. 
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[0031] Normalization system 16 looks at the predicted 
amount of resources each unit requires and determines if the 
total of the sum of the predictions is greater than the total 
resources available among all of the units 20. In other Words, 
for the above example, a determination is made Whether 
X+Y+Z>RPm(available)? If the sum of the predicted 
resource requirements is greater than the total available 
resources, then the predicted RP values are normaliZed 
based on the upper limit that is available. Thus, each of RP 
values is reduced to ensure that their sum is less than the 
total available resources. Accordingly, in the above example, 
the predictions are scaled back such that RPm(U1)=X'; 
RPm(U2)=Y'; and RPm(U1)=Z'. Any method of normalizing 
the predicted RP values to ensure that the sum does not 
exceed the upper limit of availability may be utiliZed. 

[0032] If, on the other hand, there is a free pool (FP) of 
resources remaining, then extra resource (ER) allocation 
system 18 can be utiliZed to allocate some portion of the free 
resources to the units 20. This process is accomplished using 
the Weighting parameters 24 provided by a user of each of 
the units 20 in the distributed netWork 26, as Well as the 
con?dence values assigned to each predicted RP by the 
relational fuZZy model prediction system 14. Weighting 
parameters thus determine hoW the free pool Will be dis 
tributed amongst available system and resource parameters. 
Weighting parameters provide a means of being conserva 
tive on system resources allocation. This allocation process 
may be done in any fashion, and an illustrative example is 
provided beloW With respect to FIG. 2. 

[0033] Note that in general, resource allocation system 10 
may comprise any type of computing system, and could be 
implemented as part of a client and/or a server. Such a 
computing system generally includes a processor, input/ 
output (I/ O), memory, and bus. The processor may comprise 
a single processing unit, or be distributed across one or more 
processing units in one or more locations, e.g., on a client 
and server. Memory may comprise any knoWn type of data 
storage and/or transmission media, including magnetic 
media, optical media, random access memory (RAM), read 
only memory (ROM), a data cache, a data object, etc. 
Moreover, memory may reside at a single physical location, 
comprising one or more types of data storage, or be distrib 
uted across a plurality of physical systems in various forms. 

[0034] U0 may comprise any system for exchanging 
information to/from a unit 20. External devices and 
resources may also comprise any knoWn type of device, 
including a monitor/display, speakers, storage, another com 
puter system, a hand-held device, keyboard, mouse, voice 
recognition system, speech output system, printer, facsimile, 
pager, etc. Additional components, such as cache memory, 
communication systems, system softWare, etc., may be 
incorporated into the computing system. 

[0035] Access to resource allocation system 10 may be 
provided over a netWork such as the Internet, a local area 
netWork (LAN), a Wide area netWork (WAN), a virtual 
private netWork (V PN), etc. Communication could occur via 
a direct hardWired connection (e.g., serial port), or via an 
addressable connection that may utiliZe any combination of 
Wireline and/or Wireless transmission methods. Moreover, 
conventional netWork connectivity, such as Token Ring, 
Ethernet, WiFi or other conventional communications stan 
dards could be used. Still yet, connectivity could be pro 
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vided by conventional TCP/IP sockets-based protocol. Fur 
ther, as indicated above, communication could occur in a 
client-server or server-server environment. 

[0036] Historical database 22 may likewise include any 
type of storage unit, e.g., magnetic, optical, etc., and imple 
mented in any fashion, e.g., as a relational database, ?at ?les, 
data objects, etc. 

[0037] Referring noW to FIG. 2, a How diagram of an 
illustrative method of implementing the invention is shoWn. 
At step S1, a relational fuzzy model is built and maintained 
using SP and RP history collected from each unit in the 
distributed netWork. At step S2, the relational fuzzy model 
is utilized to predict RP usage at a time t+l for each unit. At 
step S3, the results are normalized (if necessary) to ensure 
that the sum of the total predicted RPs does not exceed the 
upper limit of What is available in the netWork. 

[0038] At step S4, a determination is made Whether there 
is a free pool (FP) of resources left in the netWork after all 
of the RPs have been predicted for time t+l. If there are 
none, then the process is done (step S7). If there is a free 
pool, then Weighting parameters and con?dence values are 
utilized to assign extra resource (ER) to units in the netWork 
at step S5. The Weighting parameters are user input and are 
provided by the users Who knoW the system Well (e.g., 
experts), and the con?dence values are produced for each 
predicted RP by the relational fuzzy modeling system. Note 
that in one illustrative embodiment, the Weighting param 
eters are inversely proportional to the con?dence values for 
each RP. The higher the con?dence value, the loWer the 
Weighting parameter. This means that if a con?dence value 
for allocating a free pool fraction to a particular resource is 
high, i.e., there is more certainty of a predicted value being 
accurate, the Weighting parameter Would be smaller com 
pared to other resources, thereby assigning less margin for 
error. At step S6, if the sum of the ERs is less than the free 
pool, then the process is done at step S7. If the sum is greater 
than the free pool, then the ER values are normalized using 
the con?dence values at step S8, and the process completes 
at step S7. 

[0039] It should be appreciated that the teachings of the 
present invention could be offered as a business method on 
a subscription or fee basis. For example, a computer system 
comprising a resource allocation system 10 could be created, 
maintained and/ or deployed by a service provider that offers 
the functions described herein for customers. That is, a 
service provider could offer to provide a system for allocat 
ing resources using relational fuzzy modeling as described 
above. 

[0040] It is understood that the systems, functions, mecha 
nisms, methods, engines and modules described herein can 
be implemented in hardWare, softWare, or a combination of 
hardWare and softWare. They may be implemented by any 
type of computer system or other apparatus adapted for 
carrying out the methods described herein. A typical com 
bination of hardWare and softWare could be a general 
purpose computer system With a computer program that, 
When loaded and executed, controls the computer system 
such that it carries out the methods described herein. Alter 
natively, a speci?c use computer, containing specialized 
hardWare for carrying out one or more of the functional tasks 
of the invention could be utilized. In a further embodiment, 
part or all of the invention could be implemented in a 
distributed manner, e. g., over a netWork such as the lntemet. 
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[0041] The present invention can also be embedded in a 
computer program product, Which comprises all the features 
enabling the implementation of the methods and functions 
described herein, and WhichiWhen loaded in a computer 
systemiis able to carry out these methods and functions. 
Terms such as computer program, softWare program, pro 
gram, program product, softWare, etc., in the present context 
mean any expression, in any language, code or notation, of 
a set of instructions intended to cause a system having an 
information processing capability to perform a particular 
function either directly or after either or both of the folloW 
ing: (a) conversion to another language, code or notation; 
and/or (b) reproduction in a different material form. 

[0042] The foregoing description of the invention has been 
presented for purposes of illustration and description. It is 
not intended to be exhaustive or to limit the invention to the 
precise form disclosed, and obviously, many modi?cations 
and variations are possible. Such modi?cations and varia 
tions that may be apparent to a person skilled in the art are 
intended to be included Within the scope of this invention as 
de?ned by the accompanying claims. 

1. A system for allocating computing resources among a 
plurality of units, comprising: 

a relational fuzzy modeling system for providing a rela 
tional fuzzy model based on historical resource param 
eter data and historical system parameter data, and for 
predicting and allocating resource requirements for 
each unit based on the relational fuzzy model; 

a normalization system for ensuring that a sum of the 
predicted resource requirements is no more than a total 
available amount of actual resources available on the 
plurality of units; and 

an extra resource allocation system for allocating extra 
resources When the sum of the predicted resource 
requirements is less than the total available amount of 
resources available on the plurality of units. 

2. The system of claim 1, Wherein the historical resource 
parameter data includes data selected from the group con 
sisting of: processor unit usage, memory usage, and input/ 
output usage. 

3. The system of claim 1, Wherein the historical system 
parameter data includes data selected from the group con 
sisting of: netWork speed data, applications running on each 
unit, and quanti?ed mappings of applications and resources 
running on each unit. 

4. The system of claim 1, Wherein the historical resource 
parameter data and historical system parameter data are 
collected from each unit and stored in a historical database. 

5. The system of claim 1, Wherein the relational fuzzy 
model for predicting a requirement for a resource Rj at a 
given unit Ui, is given by the equation: 

Where 

®=Fuzzy operator (eg. Min-max; max-max etc.) 

'cIp=Time lag element for RP and 

ISp=Time lag element for SP. 
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6. The system of claim 1, wherein the extra resource 
allocation system allocates extra resources based on Weight 
ing parameters obtained for each unit. 

7. The system of claim 6, Wherein the extra resource 
allocation system further allocates extra resources based on 
con?dence values produced by the relational fuZZy modeling 
system. 

8. A computer program product stored on a computer 
usable medium for allocating computing resources among a 
plurality of units, comprising: 

program code con?gured for providing a relational fuZZy 
model based on historical usage data collected from the 
units; 

program code con?gured for predicting and allocating 
resource requirements for each unit based on the rela 
tional fuZZy model; 

program code con?gured for ensuring that a sum of the 
predicted resource requirements is no more than a total 
available amount of actual resources available on the 

plurality of units; and 

program code con?gured for allocating extra resources 
When the sum of the predicted resource requirements is 
less than the total available amount of resources avail 
able on the plurality of units. 

9. The computer program product of claim 8, Wherein the 
historical usage data includes resource parameter data and 
historical system parameter. 

10. The computer program product of claim 9, Wherein: 

the historical resource parameter data includes data 
selected from the group consisting of: processor unit 
usage, memory usage, and input/output usage; and 

the historical system parameter data includes data selected 
from the group consisting of: netWork speed data, 
applications running on each unit, and quanti?ed map 
pings of applications and resources running on each 
unit. 

11. The computer program product of claim 8, further 
comprising program code con?gured for collecting the his 
torical resource parameter data and historical system param 
eter data from each unit and storing the data in a historical 
database. 

12. The computer program product of claim 8, Wherein 
the relational fuZZy model for predicting a requirement for 
a resource Rj at a given unit Ui, is given by the equation: 

Where 

®=FuZZy operator (eg. Min-max; max-max etc.) 

'crp=Time lag element for RP and 

'cSp=Time lag element for SP. 
13. The computer program product of claim 8, Wherein 

the extra resources are allocated based on Weighting param 
eters obtained ior each unit. 

14. The computer program product of claim 13, Wherein 
the extra resources are further allocated based on con?dence 
values produced by the relational fuZZy model. 

Aug. 16,2007 

15. A method of allocating computing resources among a 
plurality of units, comprising: 

generating a relational fuZZy model based on historical 
usage data collected from each of the units; 

predicting and allocating resource requirements for each 
unit based on the relational fuZZy model; 

ensuring that a sum of the predicted resource require 
ments is no more than a total available amount of actual 
resources available on the plurality of units; and 

allocating extra resources When the sum of the predicted 
resource requirements is less than the total available 
amount of resources available on the plurality of units. 

16. The method of claim 15, Wherein the historical usage 
data comprises resource parameter data and historical sys 
tem parameter data. 

17. The method of claim 15, Wherein: 

the historical resource parameter data includes data 
selected from the group consisting of: processor unit 
usage, memory usage, and input/output usage; and 

the historical system parameter data includes data selected 
from the group consisting of: netWork speed data, 
applications running on each unit, and quanti?ed map 
pings of applications and resources running on each 
unit. 

18. The method of claim 15, further comprising the steps 
of: collecting the historical resource parameter data and 
historical system parameter data from each unit and storing 
the data in a historical database. 

19. The method of claim 15, Wherein the relational fuZZy 
model for predicting a requirement for a resource Rj at a 
given unit Ui, is given by the equation: 

Where 

®=FuZZy operator (eg. Min-max; max-max etc.) 

'cIp=Time lag element for RP and 

ISp=Time lag element for SP. 
20. The method of claim 15, Wherein the extra resources 

are allocated based on Weighting parameters obtained for 
each unit. 

21. The method of claim 20, Wherein the extra resources 
are further allocated based on con?dence values produced 
by the relational fuZZy model. 

22. A method for deploying an application for allocating 
resources to a set of units in a distributed netWork, com 
prising: 

providing a computer infrastructure being operable to: 

generate a relational fuZZy model based on historical 
resource parameter data and historical system 
parameter data collected from each of the units; and 

predict and allocate resource requirements ior each unit 
based on the relational fuZZy model. 


